Cortical field boundaries of sensory areas can be physiologically defined. The delineation of the human auditory cortical architecture remains incomplete. Here we used systematic variation of pitch and duration of sinusoidal tones to define auditory cortical fields along Heschl's gyrus with a silent, event-related fMRI scanning technique that allowed us to determine spatially small shifts of neuronal responses. Thus, we were able to establish higher-resolution tonotopic maps. Acoustic intervals of two octaves correspond to an average 2-mm anatomical distance along Heschl's gyrus. We also demonstrate that one tonotopic map with a medio-lateral low-to high-frequency gradient is located on the lateral half of Heschl's gyrus, which might correspond to field R in primates. Furthermore, we studied cortical responses to brief (50-ms) transients with fMRI and demonstrate that silent, event-related fMRI is capable of measuring significant blood oxygen level-dependent effect to such brief events in the acoustic domain. Our results add to current knowledge on the number and precise localization of multiple tonotopic maps in human auditory cortex. More specifically, they support the hypothesis that there may be two primary auditory cortical fields with mirror tonotopic organization on Heschl's gyrus in man.
INTRODUCTION
Audition is important for a wide range of adaptive mechanisms, including simple startle reactions, discrimination of acoustic signals signifying danger, and the acquisition of more highly evolved communicative and sociocultural functions such as language and music in man. Knowledge of the functional anatomical and physiological organization of auditory cortices and processing streams to date remains less detailed than that of their visual counterparts. Therefore, the organization of central auditory systems in mammalian species and its interspecies similarities and differences are being increasingly studied. In human subjects, functional neuroimaging with positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) has allowed one to study the functional neuroanatomy of perceptual and cognitive tasks in vivo for more than a decade. In the earlier years, delineation of large-scale neural networks active during the execution of higher-order active tasks was particularly successful (Posner et al., 1988; Drevets et al., 1995; Engelien et al., 1995; Shipp et al., 1995; Vandenberghe et al., 1996) . More recently, with the advent of higherresolution fMRI techniques (Di Salle et al., 1999; Turner et al., 1998) , the precise local functional organization of specific cortical fields can now also be addressed. Most of this work to date has focused on the visual cortices, e.g., retinotopic representations (Sereno et al., 1995; Engel et al., 1997; O'Craven et al., 1997; Tootell et al., 1998; Halgren et al., 1999) .
The study of physiological details of neuronal representation on an early auditory cortical level has not been readily amenable to study with any existing standard functional neuroimaging technique in man. PET is too limited in its spatial resolution (Lauter et al., 1985) , and fMRI is usually accompanied by loud, broadband acoustic noise (Bandettini et al., 1998; Talavage et al., 1999) . This acoustic noise can be so loud that subjects have difficulty even perceiving and understanding the experimental acoustic stimulus. Even in less dramatic cases, the interference of the hemodynamic responses to noise and stimulus of interest may impede precise physiological mapping in the auditory domain (Bandettini et al., 1998; Bilecen et al., 1998; Ulmer et al., 1998; Shah et al., 1999) .
To be able to perform physiological mapping of auditory cortices in response to rather small changes of the physical properties of acoustical stimuli, we developed a silent, event-related fMRI scanning technique (Yang et al., 2000b) . Previous methodological fMRI studies had already addressed an overall reduction of noise level and stimulus presentation in silence for block design and modified block design studies, in which stimuli are presented as a steady state of typically 10 s (Eden et al., 1999; Edmister et al., 1999; Hall et al., 1999; Di Salle et al., 2001) . Fewer attempts have been made to improve truly event-related fMRI for auditory application. One previous study suggested a repetition time of 10 s and a shifting of the timing of stimulus relative to scanner noise to infer a hemodynamic response curve (Belin et al., 1999) . We developed a silent event-related technique with a different rationale in that it is completely free of interference between the hemodynamic responses to acoustic scanner noise and the acoustic stimulus of interest, relying on peak activation after the expected hemodynamic delay (Yang et al., 2000a; see Fig. 1 ). Event-related fMRI paradigms are increasingly used , because they offer advantages for studies of time courses of activations (Burock et al., 1998; , avoid habituation into a steady state, and allow different events of interest to be presented in random and pseudo-random orders . In addition, silent event-related fMRI offers the opportunity to construct paradigms like the one used here, which can be employed in a convergent fashion for both functional neuroimaging and electrophysiological mapping studies. We further developed an anatomical localization protocol to specifically image the cortical sheet on the top surface of Heschl's gyrus, where primary auditory cortices are known to be located.
It is well established that the classical primary auditory cortical field (AI) occupies the medial half of Heschl's gyrus (the transverse temporal gyrus) in man (Liegeois-Chauvel et al., 1991) and exhibits tonotopic organization (Liegeois-Chauvel et al., 1994; Pantev et al., 1995) . Within this field, neurons tuned to the highest frequencies are located at the medial edge of the gyrus, whereas lower frequencies are represented more laterally, toward the middle of the gyrus in absolute anatomical terms. The organization of surrounding auditory cortical fields in general, and specifically on the lateral half of the gyrus, remains less clear.
Previous functional neuroimaging studies in humans have established that there are multiple auditory cortical fields around AI (Binder et al., 1996; Talavage et al., 1997; Wessinger et al., 1997; Rauschecker, 1998; Talavage et al., 2000; Di Salle et al., 2001) . However, with regard to tonotopic organization, these studies were limited in that they demonstrated clearly distinct representations of only one very low vs one very high tone or did not address tonotopy (Di Salle et al., 2001) . Some of the earlier tonotopy paradigms and results had methodological limitations with regard to interference with acoustic scanner noise and in some instances had relatively low in-plane resolution. To date only auditory representations on the planum temporale and, more recently, the posterior lateral convexity of the superior temporal gyrus have been dissociated from the medial field AI on Heschl's gyrus with a range of experimental approaches (Liegeois-Chauvel et al., 1995; Pantev et al., 1995; Lutkenhoner and Steinstrater, 1998; Engelien et al., 2000; Howard et al., 2000) . Given the recent results on the multiplicity of frequency-dependent response regions in human auditory cortex (Rauschecker, 1998; Talavage et al., 2000) , empirical data on the precise physiological organization and function of these fields are warranted. No study to date has focused on the precise tonotopic organization on the lateral half of Heschl's gyrus, and the impact of duration of brief transient (50-ms duration) vs more sustained (900-ms duration) tone bursts has not yet been addressed.
In the series of experiments described here we tested several hypotheses on the auditory cortical field organization on Heschl's gyrus in man. First, based on analogy to nonhuman primate studies, we hypothesized that among the multiple auditory cortical fields surrounding AI, a second auditory cortical field would be located on the lateral half of Heschl's gyrus. This field would be located early in the hierarchy of auditory cortical processing streams and might be a second primary auditory cortical field, as discussed below. Second, we hypothesized that this field would exhibit systematic tonotopic organization mirroring that of the field AI as in nonhuman primates. Third, we hypothesized that activation of the classical medial primary field vs the lateral field on Heschl's gyrus could be biased toward processing of shorter and longer sound durations, respectively. This hypothesis was derived from response latency findings in intracortical and surface electrophysiological studies in humans (LiegeoisChauvel et al., 1995; Pantev et al., 1995; Howard et al., 2000) . Furthermore, we wanted to explore whether a greater selectivity for brief sounds may exist in AI in the left hemisphere, in accordance with recent results on the laterality of processing brief acoustic transients. We were also interested in determining degrees of linearity vs nonlinearity between the length of acoustic stimulation and the blood oxygen level-dependent (BOLD) response strength.
We mapped the cortical representation of different pure sinusoidal tones presented as discrete events of less than 1 s duration. In our first experiment, which included tonotopic mapping, the sounds were of 900 ms duration and consisted of three frequencies acoustically separated by two octaves each. In the second experiment, we explored differential representation of tones of shorter durations at one exemplary frequency (1000 Hz) using 50-ms tone burst stimuli compared to the 900-ms tone bursts used in the first experiment. All acoustic stimuli of interest were not only delivered in silence, but also preceded by at least 12 s and followed by 4 s of silence, thus eliminating perceptual and hemodynamic interference of acoustic scanner noise (see Fig. 1 ).
MATERIAL AND METHODS
Subjects. All subjects participating in these studies were healthy with no neurological, psychiatric, or au-diological history and normal audiological status at the time of scan. Eight subjects (three male, five female; seven right-handed, one left-handed) participated in the first experiment (tonotopic mapping of 900-ms tone bursts). Four subjects (three female, one male; all right-handed) participated in the second experiment (mapping of 50-ms tone bursts). The subject groups were matched for age (average 30.1 years, range 20 -41 years, for the first experiment; average 36.8 years, range 22-50 years, for the second experiment). All experiments were approved by the New York Presbyterian Hospital IRB committee. All subjects gave written informed consent prior to scanning. The data from the first experiment in a smaller subset of this study group were previously reported in a paper establishing the fMRI method applied here (Yang et al., 2000a) .
Acoustic stimulation. For the first experiment, acoustical stimulation consisted of three different pure tone bursts of 900 ms duration (10-ms rise and fall times; 250-, 1000-, and 4000-Hz carrier frequencies). For the second experiment, the acoustic stimulus consisted of a 50-ms pure sinusoidal tone burst (3-ms rise and fall times) with the carrier frequency of 1000 Hz. All sounds were created and binaurally presented using SoundEdit 16 (Macromedia, Inc.) on a Macintosh PowerBook (1400c/133 with G3 processor upgrade). To obtain narrow-frequency spectra and allow individual matching of loudness, the computer output was fed into an equalizer (ONKYO EQ 35). This model has parallel, individually adjustable bandpass filters, of which three of the center frequencies exactly match the three frequencies used. An amplifier (TEAC AH 300) was used to adjust the overall loudness to a comfortable level of about 75-80 dB. The sounds were delivered binaurally through a MRI-compatible air-tube system (Avotec, Inc.). The sounds were delivered in a pseudo-random order to balance for possible order effects and to avoid habituation. After every three sound presentations, a baseline acquisition with no stimulation was inserted to allow for statistical comparison to the physiological baseline.
Anatomical localization. Auditory cortices were localized using a standardized anatomical procedure modified from the literature (Penhune et al., 1996; Leonard et al., 1998) . Sagittal T1-weighted anatomical images were first obtained to localize the transverse temporal gyri. A series of coronal images was then acquired, optimized both to be orthogonal to the surface of Heschl's gyrus and to avoid susceptibility artifacts of the ocular region as much as possible. In these coronal slices, the typical Omega shape of the transverse temporal gyri was readily identifiable. One hemisphere of optimization was then chosen and three oblique transverse slices were selected, with the middle slice centered directly on the cortical sheet along the surface of Heschl's gyrus. In our subjects, Heschl's gyrus was thus always clearly identified and focused on. We particularly aimed to center our slice on the cortical surface (gray matter) vs to cut through the depth of the transverse temporal gyrus and took an iterative approach if needed to optimize the positioning of the slice of interest in the z direction. Then, the EPI image quality was checked and the functional data were acquired with those parameters. Most auditory cortex activation was confined to the middle transverse slice.
fMRI scanning. Experiments were performed on a 1.5T GE-LX2 scanner. Functional data were obtained with a newly developed gradient-echo EPI sequence. The volumes acquired contained axial-oblique slices (5 mm, 128 ϫ 128 in plane resolution) covering the primary auditory cortices, centered on and parallel to the surface of Heschl's gyrus/gyri in one hemisphere. The middle slice of volumes selected was centered on the cortical sheet of interest. This slice only was expected and found to exhibit significant activations. Few additional superior and inferior slices were acquired for movement detection and realignment purposes (totals of three and five slices in the first and second experiments, respectively).
Larger volumes of slices can be obtained with this method, but the surrounding heteromodal Perisylvian cortex was not of interest for this study. Limiting the number of slices helped to maximize patient comfort during the brief times of scanner acquisition (noise level is correlated to number of slices obtained in the given single-volume acquisition time of 1.5 s). During the 1.5 s of acquisition, loud scanner noise is emitted. In that sense, the technique is best described as intermittently silent. However, our technique affords a total of 18.5 s of true silence before, during, and after the stimulus and entails only 1.5 s of scanner noise per acquisition cycle. The hemodynamic responses of the scanner noise and the stimulus do not overlap (see Fig.  1 ). More details on the silent, event-related fMRI sequence can be found in Yang et al. (2000a) .
Data acquisition and analysis. Twenty-four trials per stimulus per 16-min run were acquired in both experiments. For the first experiment, one baseline was shared for three different stimulus events, which were presented in a pseudo-random sequence to avoid any time or order effects. In the second experiment, each stimulus alternated with a baseline trial. The functional time series of the brain volumes was registered using a multiresolution least-squares difference algorithm with cubic spline interpolation, to minimize head motion artifacts. Monitoring for and eliminating head movement was a major concern in our study, because small but meaningful shifts of neuronal excitation were expected, and theoretically a long repetition time (TR) and long examination time might be more prone to occurrence of head movement. We used a custom-built head holder adapted from an American football helmet. Criteria for head movement quality of the data were set to a displacement of no more than one third of a voxel for more than one fifth of the time. These criteria were virtually always met (three single runs; two for the first experiment and one for the second experiment, had to be excluded).
Signals in the time series corresponding to the three tones were sorted according to the randomized presentation sequence. Difference images were calculated by subtracting the averaged baseline image from the averaged activation image and tested for statistical significance by paired t tests (Ott, 1993) . The functional data set was analyzed by means of a t test in predefined regions of interest (ROI) (covering auditory cortices), adjusted for total number of voxels in the ROI by Bonferroni correction. The total number of voxels in the ROI was typically 1400, resulting in a Bonferroni-corrected significance threshold of P Ͻ 7.14xe Ϫ6 (0.01/ 1400) per voxel. The corresponding t cutoff was approximately 4.83 (one-sided probability of 0.01), and voxels with t scores above the threshold were considered significantly activated. As very circumscribed, small areas of activation were expected, we chose not to incorporate the spatial extent into the assessment of significance. Algorithms in the Interactive Data Language environment were used to execute these standard statistical analyses. With regard to evidence for tonotopy in the analysis of spatial shifts between the representations of different frequencies, shifts of less than 0.2 mm were considered not to support tonotopic organization.
RESULTS
In our methodological experiments (Yang et al., 2000b) , we had established that the hemodynamic response curves in auditory cortices peak at 5-7 s post stimulus onset, in accordance with the literature (Buckner et al., 1996; Hickok et al., 1997) . We then constructed a new, silent, event-related fMRI paradigm, which is based on (i) measuring the stimulus response during the expected peak hemodynamic response time only and (ii) using a TR (20 s) longer than previously used, thereby completely avoiding overlap with the hemodynamic response to acoustic scanner noise. The principle of the method is illustrated in Fig.  1 . For details see Yang et al., (2000a) ; preliminary subset of the tonotopic data was previously presented in that paper.
This technique offers a significantly larger percentage of signal change in auditory cortices than conventional event-related fMRI scanning techniques (on average about 54% larger). This enables us to use discrete brief events as stimuli in a pseudo-random order to eliminate time effects, habituation, and expectation. It also allows us to systematically investigate and map differential neuronal responses to specific, subtle modifications of the acoustic stimulus.
First, we examined the representations of three pure sinusoidal tone bursts of 900 ms duration. Three different carrier frequencies that were separated by two octaves (250, 1000, and 4000 Hz) were chosen because these are centered on the middle audible frequency range crucial for communicative functions in humans and in consideration of the spatial resolution of fMRI and signal-to-noise ratio issues. Expectation of small, specific neuronal population responses along only the cortical sheet on the top surface of Heschl's gyrus necessitated careful slice localization techniques and strict criteria for rejection of data confounded by head movement (Yang et al., 2000b) . Head movement was successfully controlled by a newly designed headholder system. This system was based on an American football helmet that was attachable to the head coil with added plastic elements. This system was tested on phantom, structural, and EPI brain data and found to not cause significant distortion of the images. Because of the inherent asymmetries of the brain, the optimization of the central acquisition slice tangential to the gyral surface was obtained for one hemisphere in each experiment for a given subject.
Statistically significant specific cortical auditory representations were always identified on the optimized side and sometimes in the contralateral hemisphere. All data were evaluated on an individual basis first, with overlay of statistically significant activations onto the individual's structural MRI image of the same oblique-axial slices. The neuronal responses elicited by 900-ms tone bursts in the first experiment were located on the lateral half of Heschl's gyrus. Specific, tonotopically organized representations were observed in seven of eight subjects for the different pure tone frequencies of 250, 1000, and 4000 Hz (Fig. 2) . This tonotopic organization consistently demonstrated the lowest frequency medially (toward the middle of Heschl's gyrus in absolute terms) and systematic shifts for the higher frequencies in the postero-lateral direction. The detection of a tonotopic map in 87.5% of our studied subjects is in accord with or better than that in previous human studies, in which tonotopy in a given field was demonstrable in about 80% of the healthy subjects studied (Lutkenhoner and Steinstrater, 1998; Wessinger et al., 1997) .
A quantification of the anatomical distances of individual and group average shifts of frequency representation is detailed in Table 1 . The mean observed functional anatomical lateral shift for a two-octave acoustical distance was 2.8 mm for the shift of 250 to 1000 Hz and 1.2 mm for the shift of 1000 to 4000 Hz (grand average 2 mm).
In our second experiment significant activation to the extremely brief, 50-ms transient tone burst events was observed along Heschl's gyrus in all four subjects.
With this stimulation paradigm, activations were observed in both the medial and the lateral aspects of the gyrus. Activations on the lateral half of Heschl's gyrus were observed in all subjects, whereas additional activations seen along the medial half of the gyrus were less consistent (observed in 50% of the subjects studied). It may also be noteworthy that the medial responses to the brief sounds were observed in left hemispheres only. These results are displayed in Fig. 3 .
DISCUSSION
We studied physiological characteristics of auditory cortical fields along Heschl's gyrus with a new, silent event-related fMRI scanning technique. For the studies reported here, we focused on one cortical sheet along the lateral half of Heschl's gyrus only and were interested in small shifts of representation in the within-plane dimension, for which our technique offers a 1.875 ϫ 1.875 mm 2 resolution. Our protocol is unique in that it takes into consideration the full length of the hemodynamic response curve elicited by the intermittent scanner noise and completely eliminates interference of this hemodynamic response by using an appropriately long repetition time. These methodological improvements may be important for mapping the precise location of the cortical representation of a pure sinusoidal tone, since interference with broadband scanner noise could blur the activation site observed in the auditory cortex.
Our studies were successful in detecting robust BOLD effect responses to subtle acoustic stimuli (single acoustic frequency pure tones) in precise locations with a standard bird cage head coil. Most previous studies had required the use of band-passed noise stimuli and/or surface coils in tonotopic mapping of human auditory cortex. The usability of a standard head coil might be of practical interest in the imaging community. We demonstrate a distinct tonotopic map for   FIG. 1 . Silent, event-related fMRI. The novel fMRI acquisition sequence used is illustrated. Based on our empirical and published results on the hemodynamic response function to brief events, activation measurements in this technique are confined to the expected peak hemodynamic response for stimulus-locked trials. Note that the sounds are presented in silence, preceded by at least 12 s of silence and followed by 4 s of silence. Therefore, the confounding hemodynamic response function induced by the scanner noise does not interfere with the activation of interest at all.
FIG. 2.
Tonotopic organization of the lateral half of Heschl's gyrus in humans. The tonotopic maps obtained with silent, event-related fMRI in seven subjects are shown. The optimization of the acquisition plane tangential to Heschl's gyrus was always successful for one hemisphere. The specific activations for each frequency clustered in a few, most often contiguous voxels. (a) The raw data and derived center of mass maps for two representative subjects; (b) all center of mass maps for the whole group studied. The auditory cortex field studied here is located on the lateral half of Heschl's gyrus with a medial to lateral low-to high-frequency gradient. All images are shown in radiological convention (left hemisphere shown on the right and vice versa). The activations shown were tested for statistical significance with a paired t test on a voxel-by-voxel basis (P Ͻ 0.01). Frequency color codes are shown. 3 . Specificity for duration processing on Heschl's gyrus in humans. The center of mass of specific representations for 50-ms tone bursts with an acoustic carrier frequency of 1000 Hz are shown for four subjects. Our results clearly demonstrate that activations can be observed with silent, event-related fMRI of transient acoustic events as short as 50 ms. All activations shown were tested for statistical significance with a paired t test on a voxel-by-voxel basis and are significant at P Ͻ 0.01. Note that the absolute locations observed here in the lateral field are consistent with those observed independently in the first experiment as depicted in Fig. 2 with the same color. In contrast to the more sustained tones of 900 ms, the brief tones of 50 ms used here led to additional activations of the medial half of the gyrus in half of the subjects studied. 900-ms pure tone bursts along the lateral half of Heschl's gyrus, with a medio-lateral low-to high-frequency gradient. This map is consistent for all seven subjects who showed tonotopic gradients. This auditory cortical field occupies the lateral half of Heschl's gyrus. The classical primary auditory cortex field (the koniocortex) is located on the medial half of the transverse temporal gyri (Heschl's gyrus) and has a lateromedial low-to high-frequency gradient (Galaburda and Sanides, 1980; Liegeois-Chauvel et al., 1991 . The field that we describe in some detail here is laterally adjacent to AI and its tonotopic organization mirrors the one known for AI. The amount of shift between 250 and 1000 Hz fits closely to that expected from magnetoencephalography (MEG) studies of human auditory cortical fields (Pantev et al., 1998) . The slightly lesser amount of shift between 1000 and 4000 Hz taken together with its location at the postero-lateral edge of Heschl's gyrus surface, which was examined in this particular study, may indicate that this field extends toward Heschl's sulcus for the highest frequencies. Cytoarchitectonic studies have shown that the characteristics of the lateral part of Heschl's gyrus are parakoniocortical and extend contiguously into this adjacent sulcus (Rivier and Clarke, 1997) .
Previous fMRI studies raised the expectation of multiple cortical fields in close vicinity of AI (Rauschecker, 1998; Wessinger et al., 1997; Talavage et al., 1997 Talavage et al., , 2000 . Auditory representations on the planum temporale have previously been dissociated from those in the primary auditory field AI in several experimental studies, with experimental approaches including functional neuroimaging (Binder et al., 1996; Tzourio et al., 1997) and magnetoencephalography (Lutkenhoner and Steinstrater, 1998; Pantev et al., 1998) . More recently, a "posterior lateral superior temporal" auditory area has been described based on intracortical recordings on the lateral convexity of the superior temporal gyrus (Howard et al., 2000) . It is noteworthy that activity on the lateral half of Heschl's gyrus was not specifically probed in most studies. The description of small changes of neural activity in this particular patch of cortex may be difficult with normalization to Talairach space, since this single cortical surface sheet is embedded between the planes z ϩ 8 and z ϩ 12 mm. In contrast, our study protocol and anatomical localization protocol gave us the best focus for the lateral two thirds of Heschl's gyrus where the plane to which we oriented our middle acquisition slice is most even and stable. Given the three-dimensional shape of Heschl's gyrus (Leonard et al., 1998; Penhune et al., 1996; Talavage et al., 2000) , medial activations may have been more difficult to detect here and may have required particularly strong neuronal responses. In short, our study particularly adds to the description of the physiology of the lateral half of Heschl's gyrus.
With the 900-ms tone burst paradigm, we did not consistently observe activity on the medial half of Heschl's gyrus, the classical primary auditory cortex field (AI). As discussed above, the anatomy (shape of the gyrus) may have been one biasing factor. Another potential factor is the type of acoustic stimulation. Most studies demonstrating neural activity in human AI used acoustic stimulation of much shorter duration (from 0.1-ms clicks to 50-ms tone bursts; see, e.g., Liegeois-Chauvel et al., 1995; Pantev et al., 1995) . We therefore studied the auditory cortical responses to such brief events in an additional experiment. First, we demonstrated the ability of our silent event-related fMRI technique to image hemodynamic responses to acoustic events as brief as 50 ms. Second, our data suggest a strong nonlinearity for the relationship between the duration of acoustic stimulation and the resulting fMRI BOLD response for a 1-s time window. Robust activations to 50-ms events were seen without the necessity of increasing the number of trials for averaging, as would be necessary based on an assumed linear relationship. Nonlinearity of stimulus duration and fMRI signal in the motor, visual, and auditory domains has been previously demonstrated (Bandettini et al., 1998; Boynton et al., 1996; Yang et al., 2000a) . Last, although not entirely consistent across subjects, we did observe activation foci also on the medial half of Heschl's gyrus, probably corresponding to AI. These results are more preliminary, since the group studied was more limited and the presence of these medial activation patterns was less consistent than that for the tonotopic map in the lateral field. However, it might also be noteworthy that all observations of activation of the medial field with the very brief tone bursts of 50 ms occurred in the left hemisphere. While our limited sample size does not allow us to test formally for laterality effects, this result is interesting in the setting of recent findings and discussion of a specialization of the left hemisphere for rapid sound transients starting in early auditory cortical fields (Schwartz and Tallal, 1980; Johnsrude et al., 1997; Belin et al., 2000) .
Taken together, our results may be suggestive of the existence of two early auditory cortical fields on Heschl's gyrus, possibly both primary, with specific, mirroring tonotopic organizations and the possibility of physiological preference for acoustic events of different durations. Work with intracortical recordings has demonstrated a dichotomy between two cortical fields on Heschl's gyrus based on response latencies: the medial field (AI) has the shortest latencies (20 -25 ms), whereas the lateral field prominently responds after 50 -70 ms (Liegeois-Chauvel et al., 1995) . In their study only short clicks were used as acoustic stimuli. However, neuronal responses occur later on the lateral half of the transverse gyrus. MEG data have shown that the sources of sustained fields to 2-s stimuli tend to be located lateral to AI on Heschl's gyrus (Pantev et al., 1994) . Therefore, the lateral field may preferentially respond to longer stimuli, after integrating over a slightly longer period of time in the millisecond range. Further auditory cortical fields specific for temporal processing on much larger time scales are localized along the ventral pathway toward the anterior temporal lobes in man (Penhune et al., 1999; Griffiths et al., 1998; Liegeois-Chauvel et al., 1998; Zatorre and Halpern, 1993) .
Our results are consistent with the recent hypothesis (Rauschecker, 1998; Talavage et al., 2000) that the second, lateral auditory cortical field on Heschl's gyrus clearly described here may be a second primary auditory field in man. It might be analogous to the second primary auditory cortical field ("R") identified in owl monkeys and rhesus monkeys (Morel and Kaas, 1992; Morel et al., 1993; Rauschecker et al., 1997) . Our observation of this map with a medio-lateral low to high frequency is consistent with previous fMRI reports (Rauschecker, 1998; Talavage et al., 2000) that offered less detail on the lateral half of Heschl's gyrus, on which our study was particularly focused. For the concept of possible ventral and dorsal pathways in the auditory modality (analogous to visual pathways; Kaas and Hackett, 2000; Rauschecker and Tian, 2000) , it may be important to consider whether there are one or two, possibly specialized, primary sensory fields at the origin of these cortical processing streams. This study was optimized for high in-plane resolution rather than for covering a large volume, since we wanted to study a single cortical sheet of interest. Larger volumes of slices can be obtained with our method, which may be of help in further addressing a wide range of questions in the auditory modality. This method may also help to facilitate the combination of spatial and temporal imaging techniques such as fMRI and MEG, since the same event-related paradigm designs may be used.
